We present here direct evidence for the preservation of a transcriptional initiation sequence in a eukaryotic rRNA precursor: the 5'-end group for precursor to 17S rRNA (pl7S RNA) from Dictyostelium discoideum is identified as the triphosphate residue pppA-. We also show that mature 5S RNA from Dictyostelium bears a different triphosphate residue, pppG-. In contrast, we find no evidence for more than one phosphate at the 5' end of the 25S rRNA precursor (p25S RNA). These observations indicate that synthesis of the large ribosomal RNAs of Dictyostelium begins with the 5'-terminal sequence of the p17S RNA, and that 5S RNA transcription must be initiated independently, despite the close association of the 5S and rRNA coding segments. Although the sequence of events in rRNA production is similar in all organisms, certain characteristic variations in the pathway distinguish eukaryotes from prokaryotes. In bacteria, the genes encoding the 23S, 16S, and 5S RNAs are transcribed consecutively from a single promoter in the order 16S-23S-5S (1-3).
Correction. In the article "Triphosphate residues at the 5' ends of rRNA precursor and 5S RNA from Dictyostelium discoideum" by Bambi Batts-Young and Harvey F. Lodish, which appeared in the February 1978 issue of the Proc. Natl. Acad. Sci. USA (75, 740-744), the following undetected printer's errors occurred. In the right-hand column of p. 741, line 4 of the Results should read ". . . nuclear DNA restriction fragment containing the 5S RNA gene (see ... .)." In the right-hand column of p. 743, the sentence starting 18 lines from the bottom of the page should read "This analysis would be even more compelling if the 5' end of 37S RNA could be isolated and identified as pppA-, the same as for pl7S RNA." Fig. 3 p17-A, respectively. The positions of nonradioactive pAp and pGp markers are indicated by brackets. Any digestion product containing at least 25% of the radioactivity in the pAp fragment of p17-A should have been detected as a discrete spot on these autoradiograms. Similarly, the larger rRNAs of eukaryotes are synthesized together in a common transcription unit, with the 18S RNA sequences proximal to the initiation site sequences (4) (5) (6) (7) (8) . However, in most eukaryotes, the 5S RNA is independently transcribed from DNA completely unlinked to the other rRNA genes (9) (10) (11) (12) (13) .
The cellular slime mold Dictyostelium discoideum is a primitive eukaryote. Unlike higher eukaryotes, it maintains a linkage between the genes that specify 5S RNA (5S DNA) and the genes for the larger rRNAs (rDNA) (14) . We have asked whether this linkage results in cotranscription of the 5S DNA and rDNA. Previous studies of rRNA synthesis in Dictyostelium have shown that the initial detectable transcription product is a 37S RNA that has the proper sequence composition for a common precursor to mature 25S and 17S rRNAs (15, 16) . This large species is apparently cleaved to yield two intermediatesized precursors, designated p25S and pl7S RNA; each of these then gives rise to its mature rRNA counterpart by the loss of a small number of nucleotides (16 (16) . Nuclear RNA was prepared from cells labeled for 1 hr under these conditions; 37S, p25S, and p17S nuclear RNAs were purified as described (16) . Cytoplasmic RNA was extracted from similar cells, but after a labeling period of 10 hr; the preparation of cytoplasmic polysomal rRNA and its fractionation on sucrose gradients into 25S, 17S, and 4-5S RNA components have also been described (16) . The 4S and 5S RNAs, recovered together from the top fractions of the gradients by precipitation with 2 volumes of ethanol, were further fractionated on a 2 X 80-cm Sephadex G-100 column equilibrated at 40 in 0.1 M NaCI/20 mM sodium acetate, pH 4.6. Material eluted from the column in the same buffer was resolved clearly into distinct 4S and 5S RNA peaks. The 5S RNA was concentrated by ethanol precipitation, dissolved in 0. 10 volumes of this buffer, and RNA was finally eluted with a high-salt buffer (2 M NaCl/20 mM sodium acetate, pH 4.6). Most of the bound 5S RNA was released from the first 1 ml of the high-salt eluate. Sufficient carrier tRNA was mixed with the eluted sample to yield a total of a least 5 Mg of RNA. The RNA was precipitated from ethanol three times to rid the sample of salts; the final pellet was dried, and was resuspended in 25 M1 of water.
The radiochemical purity of 5S RNA prepared by these methods is illustrated in Fig. 1C . For the rRNA precursors, the penultimate purification step involves high-resolution agarose gel electrophoresis (16) ; analysis of typical gel profiles indicates that no more than 5% of the radioactivity in isolated p25S or p17S RNA pools can be accounted for by trailing of material from adjacent RNA species on the gel. The final fractionation of p25S and p17S RNAs yields sedimentation profiles like those shown in Fig. 1 A and B.
5'-End-Group Purification and Analysis. Purified RNAs were digested to completion with a mixture of RNases (T1 + T2 + A), the digests were subjected to ionophoresis at pH 3.5 on DEAE-paper, and digestion products were located and recovered as described (19) .
Isolated 5'-end residues were digested with alkaline phosphatase under conditions described (19) , except that the pH was raised to 8.6. Complete venom phosphodiesterase digestion of a 5'-end sample was obtained by incubating the sample for 2 hr at 370 in 5 /d of a solution containing 250,gg of the enzyme per ml, 5 ,gg of pAp (to inhibit phosphatases), 10mM Tris (pH 7.5), and 12.5% glycerol. As a control to test for proper functioning of either enzyme, [y-32P]ATP was digested at the same time and under the same conditions used for experimental samples. Digests were spotted on 15 X 60-cm sheets of Whatman 3 MM paper; a reserved portion of undigested 5'-end residue was spotted to the side of the phosphatase digests, while 100 ,g of nonradioactive pAp and/or pGp marker was applied above each phosphodiesterase digest. Ionophoresis was at pH 3.5 and 35 V/cm for 1-1.5 hr, until xylene cyanole F.F. dye moved 9-12 cm from the origin. Radioactive components were detected by autoradiography; marker nucleotides were made visible by illumination with a short-wave ultraviolet lamp.
Radioactive residues migrating with the nucleoside diphosphates were eluted from the paper by repeated washing with small volumes of water. Each sample was mixed with 10-20,Mg of each of several nonradioactive marker nucleotides and the mixture was applied in 3 Ml of water to a 20 X 20-cm glassbacked cellulose thin-layer plate (EM Laboratories). Chromatograms were developed in the first dimension with isobutyric acid/NH3/water (577:38:385 vol/vol) and in the second' dimension with t-butanol/HCI/water (70:15:15 vol/vol) (20) .
RESULTS
The first indication that Dictyostelium 5S DNA and rDNA are transcribed separately was provided by an annealing experiment in which 37S RNA failed to hybridize detectably to a nuclear DNA restriction fragment containing the 5S RNA (see ref. 16 for this experiment and a discussion of its limitations). We have obtained more rigorous evidence about the arrangement of rRNA transcription units through a comparison of the 5' ends of 5S RNA and the pl7S and p25S rRNA precursors.
Isolation of 5'-End Residues. In the search for potential 5'-end structures, we first digested each RNA to completion with RNases T1, T2, and A. This combination of enzymes will digest most RNA-sequences entirely to 3'-mononucleotides, but will not cleave a phosphodiester linkage at the 3' side of a 2'-O-methylated nucleotide nor remove the 5'-phosphates from a 5'-terminal residue. Since the RNase-resistant 5'-end structures and ribose-methylated oligonucleotides all contain more than one phosphate, they are readily separated from the 3'-mononucleotides by ionophoresis at pH 3.5 on DEAE-paper (19) . Ionophoretically fractionated digests of p25S, p17S, and 5S RNAs are shown in Fig. 2 . As expected, in each case the major digestion products are the 3'-mononucleotides. However, there are also several radioactive species that migrate more slowly. In lanes b and c, representing digests of p17S and p25S RNAs, respectively, there can be seen a series of faint spots stretching from just below the mononucleotides to a position considerably lower than the dye marker. These spots are most likely the radioactive images of the 2'-O-methylated di-and trinucleotides. In addition, a single spot, marked p17-A, is visible just above the origin of the fractionation pattern of the p17S RNA digest. This material is conspicuously absent from the corresponding pattern of separated p25S RNA digestion products. However, there is a comparable radioactive component, labeled 5-A, among the digestion products of 5S RNA (Fig. 2, lane a) . Moving somewhat faster than 5-A is a faint streak of radioactive material, labeled B and C. The 5S RNA digest does not contain any radioactivity in material that moves between the dye marker and mononucleotides, in contrast to the situation for p17S and p25S RNAs. As we will demonstrate, SS RNA contains no 2'-0-methylated nucleotides, so that the only components other than 3'-mononucleotides that could be released by complete digestion with RNases TI, T2, and A are 5'-end structures.
The mobilities of digestion products p17-A and 5-A indicate that these residues contain several phosphates, making them prime candidates for 5'-end structures. Therefore, both of these residues, as well as B and C from the 5S RNA digest, were eluted from the paper for further structural analysis.
Determination of Structures of Potential 5'-End Residues. Alkaline phosphatase digestion of p17-A and 5-A released all radioactivity from each as free 32P1, indicating that neither residue can contain internucleotide phosphates. Therefore, each must be a mononucleotide, derived from the 5' end of the RNA and bearing several external phosphates.
To determine the nature of these nucleotides and the number of their extra phosphates, we digested 5-A and p17-A each with venom phosphodiesterase and analyzed the products by paper ionophoresis at pH 3.5 (Fig. 3) . Venom phosphodiesterase is a 3'-exonuclease that will also cleave between the a and , 5'-phosphates of a mononucleotide with more than one 5'-phosphate (21). Residue 5-A was cleaved by the enzyme into two components, of roughly equal radioactivity that migrated with PPi and pGp markers (Fig. 3, lane a) . This distribution of digestion products provides strong evidence that the structure of 5-A is pppGp. Similarly, venom phosphodiesterase digestion of p17-A yielded radioactive products that migrated with PPi and pAp (Fig. 3, lane c) , indicating a structure of pppAp for p17-A.
The ionophoretic system used for fractionating the venom phosphodiesterase digestion products does not separate unmodified nucleotides from most of their methylated derivatives. In order to confirm unequivocally the proposed structures for the 5' ends of 5S and pl7s RNAs, we eluted the radioactive material that migrated with pGp (from 5-A) and pAp (from p17-A) during paper ionophoresis, and fractionated each in two additional dimensions by a thin-layer chromatographic system designed to resolve modified from unmodified nucleotides (22) . Fig. 4 demonstrates that all material that migrated as pGp during ionophoresis remained coincident with pGp marker during thin-layer chromatography (Fig. 4a) ; similarly, the nucleotide from the p17-A digest continued to migrate exactly with pAp marker in the chromatographic system (Fig. 4b) .
Estimate of Percent of Molecules of 5S and p17S RNAs Bearing 5'-Triphosphate Termini. We assume that Dictyostelium 5S RNA, like all other 5S RNAs (23) , is some 120 nucleotides long; then a nucleoside tetraphosphate derived from its 5' end should contain 3.4% of the total phosphates in the molecule. Roughly 2.0-2.4% of the 5S RNA 32P radioactivity was actually recovered in component 5-A, indicating that about 60-70% of the 5S RNA molecules carry the 5'-terminal triphosphate group pppG-. The other 5'-terminal structures for 5S RNA are found in residues B and C (see Fig. 2 ); these have been characterized by the same methodology as was used for 5-A, and their structures have been established as ppGp and pGp, respectively (see Table 1 ). The combined radioactivity in residues pppGp, ppGp, and pGp accounts for all of the 5' ends of 5S RNA; it also represents all of the radioactivity that is not in 3'-mononucleotides (see Fig. 2, lane a) .
In of p17-A, compared to a phosphates (compare pAp and PPi, Table 1 ); however, the corrected yield of pppAp residues is still sufficient to account for 60-80% of the 5' ends of p17S RNA. The other 20-40% of the 5' termini may well be variants with fewer phosphates, in analogy to the case for 5S RNA. However, a small amount of ppAp would have left too faint an impression on the autoradiogram of Fig. 2 to be detected, and pAp would have been hidden among the pl7S RNA oligonucleotides resistant to cleavage because of ribose methylation.
DISCUSSION
The data we have presented here on the properties of Dictyostelium rRNA and rRNA precursors, combined with our previous observations (16), provide strong support for three major conclusions. One is that the genes for the 17S and 25S rRNAs are part of a common transcription unit which initiates RNA synthesis at the 5' end of the pl7S RNA sequences. Second, the primary transcription product of this unit is almost certainly the 37S RNA, which is evidently unprocessed at least at the 5' end. Finally, it is apparent that 5S RNA must be Each 5'-end structure was digested and fractionated as illustrated in Fig. 3 . Radioactive components, detected by autoradiography, were excised from the paper and assayed for Cerenkov radiation (18) . The distribution of radioactivity did not change when assayed in a toluene-based scintillation fluor. All sample readings were corrected for the radiation in blank strips from the autoradiogram. * Determined by inspection only.
transcribed independently of the other rRNAs, despite the linkage of the genes encoding 37S and 5S RNA. Central to these conclusions is the demonstration that the nucleoside 5'-triphosphates pppA-and pppG-represent the majority of the 5' ends for Dictyostelium p17S and 5S RNA, respectively. The remaining, alternate 5' ends of 5S RNA are partially dephosphorylated derivatives of the triphosphate, and it is likely that the same is true for p17S RNA. it is possible that the loss of phosphates from some of the 5' ends is caused by processing in vivo. However, the large proportion of both 5S and p17S RNA molecules bearing the full complement of 5'- phosphates (compare to refs. 21 and 25-28) suggests that the triphosphate residue may represent the only 5'-end structure for these species in vivo. In fact, small losses of external phosphates might well be expected during the many preliminary 5'-end purification steps, especially during the initial extraction of RNA from cells and during the digestion of purified RNAs with the mixture of RNases T1, T2, and A.
In contrast to p17S RNA, p25S RNA contains no detectable radioactive component that migrates as pppNp or ppNp (see Fig. 2 ). Thus, the 5'-end group for this large molecular weight rRNA is probably either pNp, which would be hidden among the ribose-methylated oligonucleotides, or simply Np, which would be inseparable from all the internal mononucleotides.
Both prokaryotic and eukaryotic RNA polymerases construct RNA chains in vitro such that the first nucleotide incorporated retains its 5'-triphosphate moiety; usually the initiating nucleoside triphosphate is either GTP or ATP (29-S1). Thus, the end-group analyses we have reported suggest that the 5 There is an additional observation consistent with our conBiochemistry: Batts-Young and Lodish clusion about the ordering of species within the rRNA transcription unit: indirect evidence, based on hybridization analysis of the sequences that remain in a central rDNA restriction fragment after partial digestion with a 5'-exonuclease, has similarly suggested that 17S RNA sequences are located to the 5' side of 25S RNA sequences (24) . Thus, the polarity of the rRNA transcription unit in Dictyostelium is similar to that deduced for bacteria (1), as well as for yeast (8) and for higher eukaryotes (4-7). However, in higher animals (4), and probably also in E. coli (1) , some material is clipped from the 5' end of the initial rRNA transcript very early in the maturation process, before the sequences for the two large rRNAs are separated from each other, while in Dictyostelium we have shown that the initiation segment is preserved for a considerably longer period, so that it remains associated with the 5' end of the p17S RNA until mature 17S RNA is finally excised from this precursor (24, 34) . Another distinctive feature of the rRNA synthetic sequence of Dictyostelium is also revealed by the 5'-end group studies.
We have demonstrated that the 5'-terminal residue for 5S RNA from this organism is pppG-. Retention of the triphosphate group indicates that if 5S RNA is derived from a larger precursor, it must be excised from the extreme 5' end of that precursor. Since it appears to be the 5'-terminal pppA-of p17S RNA that lies at the 5' end of the primary rDNA transcription product, we conclude that the 5S RNA cannot be synthesized as part of a precursor common to the other rRNAs. The 5'-terminal triphosphate residue of the 5S RNA, as well as its independent mode of synthesis, appear to be characteristic properties that distinguish all eukaryotic from prokaryotic 5S RNAs. Thus, bacterial 5S RNAs generally bear a 5'-terminal pU-(or, rarely, pC-) (35) , consistent with the processing of these RNAs from larger precursors. In contrast, the 5'-end groups of several eukaryotic 5S RNAs have been shown to be triphosphate residues, almost always pppG- (26) (27) (28) 36) , although at least one algal 5S RNA is terminated with pppA- (37) . In animals (9) (10) (11) (12) , and also in the protozoan Tetrahymena (13) , independent transcription of 5S RNA is insured by the complete lack of linkage between 5S DNA and rDNA. However, for the lower eukaryote yeast, as for Dictyostelium, the 5S RNA genes remain interspersed with the larger rRNA genes (38) . In yeast, analyses of the kinetics of 5S RNA production and examination of the coding strand of 5S DNA have provided evidence that the 5S RNA cannot be cotranscribed with the other rRNAs, despite the close association of genes (8, 39 ; R. Kramer, personal communication). The results reported in this paper indicate that the same is true for Dictyostelium. In this respect, then, the rRNA synthetic apparatus for these two primitive eukaryotes is intermediate in form between the prokaryote and animal systems.
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